We examine distinctive signatures of Quantum Critical Higgs models at the LHC and future higher energy colliders. In these models the Higgs boson is part of a conformal sector that is softly broken at a threshold scale, and generically the scaling dimension of the Higgs is larger than in the Standard Model. In particular we examine the gg → H → ZZ and gg → H → γγ channels to see how the cross sections deviate from the Standard Model in the high invariant mass region. In order to perform the calculations we use 5D duals of Quantum Critical Higgs models using the AdS/CFT correspondence, with a soft wall to break the conformal symmetry. *
Introduction
The major unsolved problem of the Standard Model (SM) is the hierarchy problem. This problem could have been resolved by technicolor, supersymmetry, or compositeness, but technicolor has been ruled out, and there is an abundant lack of evidence for the latter two possibilities. Thus we may need to explore new paradigms in order to find a solution, and it may be helpful to approach this problem using a different perspective-using the language of condensed matter physics. A condensed matter system that exhibits a phase transition at zero temperature as another parameter of the system (like pressure or doping concentration) is changed, undergoes a quantum phase transition since there are only quantum fluctuations rather than the usual thermal fluctuations [1] . Typically in such phase transitions we need to tune the parameters of the system to be close to the critical point. The Higgs sector of SM is in fact very similar to a Landau-Ginsburg model. The hierarchy problem is tantamount to the fact that in order for the Higgs VEV to be small we need to be extremely close to the critical point, and hence must fine-tune the parameters of the model. If the theory is a good description of nature up to the Planck scale, a one part in 10 34 change of the Higgs mass term will push the theory far from its critical point. At the critical point, the Higgs mass vanishes , the correlation length diverges, and the low-energy effective theory is invariant under scale/conformal transformations. Due to the fact that the SM is weakly coupled, such a critical point is well approximated by mean-field theory, where the quantum fluctuations are small.
In Quantum Critical Higgs (QCH) [2] models one considers critical points that do not exhibit mean-field behavior. That is, the critical point is described by a strongly coupled CFT. In such models, the scaling dimension of the Higgs field is different from its SM value ∆ SM = 1 + O(α). This assumption, however, does not automatically solve the hierarchy problem, though it might alleviate it since the Higgs field is really a composite. Here we will construct such models and analyze their observational consequences but postpone addressing the hierarchy problem.
The range of strongly coupled field theories in which we can actually do calculations without a lattice simulation is extremely limited and boils down to those with a weakly coupled dual, e.g. those that have a Seiberg-type dual or exhibit an AdS/CFT correspondence. Here we will focus on the latter possibility; we will analyze two explicit 5D models that are candidates for a realistic QCH model. QCH models have some common features with the unparticles of Georgi [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] . The conformal sector can show up in experiments as "stuff" that is not like particles, but more like a continuum of particles [13, 14, 15, 16, 17, 18, 19] . Several processes were suggested in ref. [2] as candidates to test for such new physics. The overall effect is an enhancement of certain cross sections above the threshold, µ, where the effect of the continuum turns on. We will analyze the size of this enhancement is in the channels gg → ZZ, gg → γγ, and gg → HZ. In ref. [2] , it was predicted that there is a large enhancement in gg → ZZ. We will see that this in fact is not the case. Among the processes we will study, perhaps the gg → HZ is the most promising channel in order to observe the effects of a QCH.
In section 2 we describe some general features of QCH models in terms of the 1PI effective action. In section 3 we present an AdS 5 version of a QCH model, show that it reproduces the SM at low energies, and discuss how to calculate non-trivial form factors from 5D. In section 4 we present a second AdS 5 model that is simple enough that we can analytically calculate form factors, include gauge interactions and higher dimensional interactions.
In section 5, we analyze the experimental signatures of the simple model, both at the LHC and at a future 100 TeV collider. Finally we present our conclusions.
The 1PI Effective Action
The action in QCH models has three parts,
We are assuming that at least the Higgs and the longitudinal components of the gauge bosons are part of S CF T , the conformal sector. S SM is the action for the other SM fields, and S mix contains the interaction between the two sectors.
The dynamics of S CF T is unknown. To be compatible with the electroweak observations, however, the conformal symmetry should be broken near the TeV scale or higher. The breaking is characterized by a scale, µ, that we refer to as the threshold. It is assumed to be a soft breaking of the CFT, as opposed to a hard breaking which leads to confinement and Kaluza-Klein-like (KK-like) resonances, as in Randall-Sundrum (RS) models [20] . We imagine that the theory flows close to an IR fixed point, e.g. a Banks-Zaks fixed point, at some high energy scale, and the renormalization group flow stays close to this fixed point over a large range of renormalization scales 1 . At the fixed point, the theory is scale invariant, and throughout this paper we will assume that this point is also conformally invariant. Near the scale µ the flow moves away from the fixed point and below this scale the low-energy degrees of freedom are those of the SM.
Assuming that there is such an approximate CFT, we can try to find the form of the 1PI effective action that one would obtain by integrating over the CFT degrees of freedom, excluding the lightest modes (i.e. the Higgs and longitudinal gauge bosons). In momentum space the effective action has the following form
where ∆ is the scaling dimension of the Higgs and m h the Higgs pole mass. The quadratic term, Σ, can also depend on other parameters which are either specific to a particular model, or are suppressed relative to the scale µ. There are also self couplings of the Higgs and various interactions which we have not explicitly shown here and similar terms for the longitudinal polarizations of the gauge bosons. These fields will generally have non trivial form-factors in their interaction terms, as we will discuss later. An assumption that we need to make is that the Higgs can be approximated by a generalized free field [24] so that the effective action is weakly coupled when written in terms of these generalized free fields. This is familiar from the KK resonances in an RS theory, but in that case the anomalous dimension are required to be small as well. In the next section we will describe how we obtain such an effective action using the AdS/CFT correspondence, where the weakly-coupled 5D theory is dual to a strongly coupled CFT, and the perturbative parameter is 1/N , the number of fields. But let us first discuss some of the general features of the quadratic term for the Higgs. At the effective action level, all of our knowledge about the underlying CFT is encoded in the quadratic term and various form-factor interactions. We will concentrate here on the Higgs quadratic term and comment on gauge quadratic terms and the form-factors later. Some of the features discussed for the Higgs will apply to them as well.
For a generalized free scalar field, the dynamics of the CFT is effectively encoded in the scaling dimension ∆ ≥ 1, where the bound comes from imposing unitarity [25] . The limit ∆ = 1 corresponds to the case where the scalar is a free field, hence, should give back the SM (neglecting, for the moment, the Higgs pole mass): Σ(∆ = 1) = p 2 . On the other hand, if the conformal breaking scale, µ, is large then we should again approach the SM.
If there were no breaking of the conformal symmetry, the theory becomes purely conformal and the two-point function is fixed to be [26] 
while in momentum space we have
Hence the scale invariant limit is Σ(µ = 0, . . . ) = p 2(2−∆) , which should also apply more generally for p 2 µ
2 . This limit corresponds to Georgi's unparticles. The non-integer power means that there is a branch cut in the two-point function starting at p 2 = 0, which is a signal that the field produces a continuum of states. Since we are assuming that an effective action exists, the scaling dimension is also bounded by ∆ < 2.
As a consequence of the soft conformal breaking, the two-point function will have the branch cut starting from µ. Equivalently, in the language of the Källén-Lehmann spectral density [27] , the propagator is given by
where the spectral density, ρ, is non-zero only above µ. Such branch cuts are common in field theories, and they appear whenever the field produces two or more particles. In the SM, the Higgs has a branch cut starting from p 2 = 0 due to decay to photons. However, we will neglect this and other SM contributions to the spectral density since they are suppressed (by SM couplings) compared to that of production of (approximate) CFT states. So far we have ignored the Higgs mass. Ideally, one can require that the a mass term is generated, as a consequence of the conformal breaking, such that m h < µ, so that there are no excessive non-SM contributions to the Higgs width, which we already know is very small. In this case the hierarchy problem is solved. However, we do not know how to guarantee this in the models we will be investigating, we will simply restrict ourselves to the allowed region of parameter space.
QCH from AdS 5
At the end of the last century Maldacena conjectured that N = 4 SU (N ) SUSY Yang-Mills in four dimensions, a conformally invariant theory, and Type IIB superstring theory on the AdS 5 × S 5 background are dual in the low-energy limit [28] . Soon after, the correspondence was extended to the statement that any 5D gravity theory on an AdS background could be dual to some CFT in four dimensions, for example, the RS model would correspond to a broken CFT [29, 30] . A precise version of the conjecture is given by [31, 32] e
where on the left hand side we have the generating functional of the CFT connected correlation functions of operators O, and on the right hand side we have the partition function of the classical 5D gravity theory. The value of the field φ at the UV boundary of the AdS space is φ 0 , which is the source for O. We can impose a boundary condition in 5D for fields with ∆ < 2 which promotes the boundary value to a dynamical field with a boundary action [33] ; in the dual CFT picture the source becomes a dynamical field. Hence we can embed the SM in 5D by keeping all the SM fields on the boundary except those that are assumed to be part of a CFT, i.e. the Higgs and the longitudinal gauge modes. The conformally flat 5D metric is
where z is the coordinate of the extra dimension, η µν the Minkowski metric with signature (+ − −−), and for pure AdS 5 we have A(z) = log z/R, with R the curvature radius.
Diffeomorphism invariance in the fifth dimension, theẑ direction in our coordinates, corresponds to the scale symmetry of the dual theory. Breaking this symmetry results in the breaking of the CFT in the dual theory. A soft breaking of the CFT can be implemented using the so called soft-walls in 5D. Examples are a "dilaton" field with a z-dependent VEV [34] or a zdependent mass [35] , or a mixture of the two as in [14] . We will follow [34] as the benchmark model for a 5D dual of a QCH model. In the next section we will use the model in [35] to find closed expression for the form-factors. Although the later model is not as complete as of the former, it is a good approximation to a QCH.
In the soft-wall approach [34] , the 5D action for gauge and matter fields is of the form
The scalar field Φ is the "dilaton", which plays a role analogous to the "dilaton" background in string theory [36] . Given an addition scalar field with a suitable potential, the authors of [34] have shown that it is possible to solve the Einstein equations to obtain an AdS metric with
The mass of the nth KK mode, for large n is
This model is of special interest since with a = 2, the spectrum of KK modes shows a linear "Regge" behavior, so the model displays features of a holographic dual for QCD [37] . Here, we are interested in the a = 1 case, where the spectrum of the KK modes becomes continuous. In other words, the 4D dual fields have a continuum spectrum above the scale µ. We can either use the "Schrödinger equation" trick (see Appendix A) to confirm this, or check the effective 4D action. We will denote the usual custodial symmetry preserving [38] bulk gauge group fields corresponding to,
, and X M , where a = 1, 2, 3 and M = 0, 1, 2, 3, 4. The associated gauge couplings are g 5L , g 5R , g X . The 5D bulk action for the model is
The Higgs and the Electroweak gauge fields propagate in the bulk, while the rest of SM fields live on the UV brane at z =
Through the AdS/CFT dictionary [29] , the fields living on the UV brane are elementary, while those propagating in the bulk are part of conformal sector. Also the bulk gauge symmetries correspond to the global symmetries of the CFT, some of which are weakly gauged, depending on the UV boundary conditions of the 5D theory. The UV boundary conditions [38] that enforce a weakly gauged subgroup
Furthermore, the fifth components of the gauge fields are chosen to satisfy Dirichlet boundary conditions on the UV brane, and as a result, they do not have light modes in the 4D theory. The Higgs is a bi-doublet under SU (2) R × SU (2) L , and adding a UV boundary potential
allows for existence of a z-dependent solution, 13) such that the V 0 minimizes the 4D effective potential. Expanding around this solution and substituting
we find The bulk mass, m, is related to the scaling dimension of the Higgs in the dual theory through the usual AdS/CFT dictionary [32] ,
The ambiguity in (3.16) for the range 0 < ν < 1 will be discussed shortly. The equation of motion for the Higgs, after Fourier transforming in 4D, is
where indicates differentiation with respect to z. We can write the bulk field in terms of the fields on the UV brane using the so-called bulk-to-boundary propagator
The propagator satisfies the same equation of motion as the Higgs, with a regularity condition at z → ∞ (IR) and K = 1 at z = (UV). With the "dilaton" profile given by (3.4), we find
where U is the confluent hypergeometric function [39] . Substituting h into the action (3.15), integrating by parts over the fifth dimension, and applying the equation of motion we obtain the holographic 4D action
where m
We can now apply (3.1) to find the connected correlation functions. However, it is well known that there is an ambiguity (3.16) for bulk masses in the range 0 < √ m 2 R 2 + 4 < 1, where 1 < ∆ < 2 or 2 < ∆ < 3. To select the solution with smaller scaling dimension, the case we are interested in, we need to do an additional Legendre transformation on the generating function [33] . In this case the boundary value φ 0 is no longer a source, but a 4D field [35] . That is, the effective action we get through the correspondence (3.21) is the 1PI effective action for the CFT field with ∆ = 2 − ν.
After the rescaling
we can find the quadratic term
The UV mass determines the Higgs pole mass through the relation
The spectral density function, (2.6), for µ = 300 GeV and ∆ = 1.3 is shown in Fig. 1 . Turning to the gauge fields, we note that the 5D Higgs VEV (3.13) breaks the SU (2) L × SU (2) R symmetry in the bulk and gives mass to one linear combination of the gauge fields:
Hence we define the fields that diagonalize the mass matrix as We need to add a gauge fixing term [40] to separate the equations of motion of the almost flat component of gauge fields, A a µ , from the equations of motion of the fifth component, A a 5 . The gauge fixing term is 
where A 0 and V 0 fix the UV boundary value of the fields. The profiles satisfy the equations of motion:
The second equation can be solved. The solution that does not blow up in the IR is
The 4D effective action is
In the limit R → 0, we have
where ψ 0 is the Poly-Gamma function [39] . In order to find SM fields, one needs to switch back to L a µ and R a µ basis and find the mass eigenstates and fix the parameters of the model. However, there is an easier way of making sure that we have the correct masses for the W and Z gauge bosons in the spectrum. By applying the boundary conditions (3.8-3.11) we find three equations:
The first equation corresponds to the photon, and has a solution with p = p 2 = 0. The eigenvalue of the second equation, corresponding to the W , is smaller than that of the third equation. We can use the second equation The gauge boson spectral density (2.6) is given by the imaginary part of the inverse of the quadratic term (3.33) . A plot of the spectral density is shown in Fig. 2 with R = 10 −3 , and µ = 0.3 TeV. In summary, given the masses of the W and Z bosons, the pole mass of Higgs boson, and α = e 2 /4π, we can fix the 5D parameters g 5 , g X , M U V , and λ. As a reminder, the parameters m U V and V 0 are given in terms of M U V and λ. The two parameters and R, which control the UV cut-off, are taken to be small, of order 10 −2 TeV −1 . The remaining parameters, m, related to the scaling dimension of the Higgs field in the 4D theory, and µ, are free.
The 4D interaction terms can be found by starting with the corresponding interactions in the bulk and propagating to the UV boundary. For the Higgs-ZZ interaction, for example, we can start with the third term in (3.15) and find
where
In diagrammatic form, these interactions are shown using Witten diagrams in Fig. 3 ; the middle diagram denotes the bulk integration in (3.37). At tree level, other diagrams that contribute are due to the mixing of the gauge fields with Goldstones and are proportional to q α 1,2 q β 1,2 . One can find these interactions by using the Bulk-to-Bulk propagator for the Goldstones. For simplified models these interactions can be found using the Mandelstam method of gauging a non-local actions [41, 5] , which we turn to in the next section.
We have numerically calculated the integral (3.37) for R = = 10 
Minimal Coupling of AdS-QCH
In this section we follow the model in ref. [35] . Due to the fact that it is possible to compute the form factors analytically, we will use this model later on in our collider analysis. The 5D bulk action is where Φ is the same "dilaton" as the previous section and has been added to give the gauge fields their thresholds. In the Higgs sector there is no "dilaton", instead the Higgs is coupled to a scalar field, φ, with a z-dependent expectation value that gives the Higgs its threshold. We have
The threshold again [35] starts at µ . The Bulk-Boundary propagator after requiring regularity in the IR is
where K is the modified Bessel function of the second kind. After the following the same procedure discussed in the previous section, we find
This spectral density function is compared to that of the previous model in Fig. 5 . The growing VEV of φ, acts like a mass for the the Higgs field, and one might suspect that the back reaction of this VEV on the metric might form some sort of a singularity at some finite value of z s . This can be disastrous since we know that singularities break the continuum and reproduce KK modes with mass splitting of order π/z s . In appendix B we show that even when this happens, the location of the singularity can be such that the mass splitting is less than the Higgs width, and so effectively the spectrum remains continuous.
The spectrum of the gauge fields are controlled by the "dilaton" with the same profile and equation of motion as in the previous model. However contrary to the previous model the threshold for the gauge fields does not have to be the same as the Higgs threshold. Hence, the threshold of the gauge fields can be much larger, so we only have to deal with the zero modes. The mixing with the Goldstones however changes the longitudinal part of the gauge fields, depending on the gauge choice. In unitary gauge the propagator is given by
(4.6) The integral in equation (3.37) with a flat gauge profile is easily done.
After field redefinitions the form factor reduces to
This is in fact just what we expect from minimal coupling and gauge invariance a la Mandelstam [41] . Due to mixing through the Higgs VEV in Eq. (3.30), the profile of the zero modes are not exactly flat, however, the deviation starts approximately where the warp factor suppresses the integrand, hence the deviation from (4.7) is small. As an aside, let us examine some higher dimension operators in the bulk that contribute to the Higgs-two gauge coupling in the effective theory. These turn out to be suppressed, so we will not need them in the collider analysis. One such dimension 6 operator is the coupling of two Higgs fields with two Field strength tensors,
The third and the last term do not involve the light approximate zero-modes due to the boundary condition on A 5 . In the approximation that the gauge profiles are flat, the fourth term vanishes as well. Setting one Higgs to its VEV we find an effective 4D H-AA coupling in momentum space given by
The integral can be done with the help of Mathematica. After the field redefinition (4.4) we find
Note that as p 2 → 0, the numerator falls as p 6 , and cancel the divergence of the denominator.
QCH In Collider Physics
One of the consequences of embedding the Higgs sector of the SM in a conformal theory is the appearance of non-trivial momentum dependence in form factors at Higgs vertices [2] , in contrast to the usual sub-leading contribution coming from loop corrections in the SM. Such deviations are a signature of non-mean-field theories. A general discussion of the properties of these form factors has been given in [2] . We have explored a few of these form factors using the AdS/CFT correspondence: below we will look for signals of QCH in a few channels that are being studied at the LHC and will be promising in future colliders.
We have used Madgraph5 aMC (MG) [42] to generate the amplitudes. The details of the implementation of the propagators and form factors can be found in Appendix C. We will use the propagator of section 4 and denote it with a double-dashed line Feynman diagram as shown in Fig. 6 . Figure 6 : The QCH propagator used in the simulations.
In order for the QCH propagator to have unit residue at its pole mass, m, we set the normalization constant to be
Close to the pole mass the QCH propagator mimics that of the SM Higgs.
In the model of section 3 the gauge bosons had the same threshold as the Higgs, while in the model of section 4 the thresholds are independent. To keep matters simple, we will examine the second model and set the threshold of the gauge bosons to be much larger than the available energy, i.e. we will work with SM gauge bosons. However because of the Higgs mechanism, the Higgs threshold shows up in the propagators of the longitudinal gauge bosons. These can be computed using either AdS/CFT or by applying gauge invariance with minimal coupling as in [13, 43] . In unitary gauge we have [2] 
One can also find the form factors for minimal gauge interactions by imposing gauge invariance on the non-local action (2.2) using the Mandelstam method [41] . This has been worked out in detail in [43] for a general kinetic term for the Higgs. The Z and W bosons cubic coupling to the Higgs is given by
and
The fermion couplings of the Higgs and the gauge bosons are taken to be the same as in the SM; for a discussion of ∆ > 1.5 and fermion couplings see ref. [15] . Whenever the QCH or the longitudinal components of the gauge bosons are restricted to be nearly on-shell by experimental cuts, we can use the usual SM propagators, as in Fig. 7 .
gg → ZZ →
In this channel, the Higgs decays to two Z bosons which subsequently decay to four leptons. This is one of the main channels for studying the Higgs at the LHC and is sometimes called the Golden Channel since it provides such a clean signal. Studies in the off-shell region are an interesting way to search for new particles and for bounding the Higgs width [44, 45, 2, 46, 16] . In the off-shell region with √ s > 2M Z , at the lowest order, we need to take into account two diagrams, gg → H → ZZ and gg → ZZ through a fermion box (i.e. continuum production of ZZ). We have generated these diagrams in MG, with the two Z bosons on-shell and with a minimum cut on their transverse momentum p T (Z) > 1GeV (for avoiding 1/p T singularities [47] ).
+ crossings + Figure 8 : The gg → ZZ amplitude.
For large invariant mass squared, p 2 µ 2 , the Higgs propagator falls as 1/p 2ν and the HZZ form factor falls as 1/p 2−2ν , so the QCH meditated amplitude falls just like SM as shown in Fig. 9 . This is a consequence of gauge invariance 2 .
[GeV] using the interference of Higgs and continuum Z production amplitudes. So the signal in this channel is quite modest and only significant at very high invariant masses with m ZZ ∼ µ. We should note that this is in contradiction with the result of previous work [2] on the QCH in this channel 3 . When p > µ, the propagator and the vertices generate a non-integer power of minus one, (−1) ν , which is a multi-valued; the usual i prescription selects the correct branch . That is, for p > µ,
This prescription correctly gives a positive spectral density for the propagator (2.6). In the AdS picture, this prescription correctly gives outgoing waves in the IR after solving the equation in Euclidian space and Wick rotating back to Minkowski space-time. Furthermore, the same expression, (5.6), shows up in the HZZ form factor. Since Ward-Takahashi identities relate the form factor to the inverse propagator [41] we need to follow the i prescription here as well. The consequence is that the sign of imaginary part of the Higgs diagram in gg → ZZ is flipped relative to leaving out the i . In the off-shell region, SM matrixelements of gg → H → ZZ interfere destructively with the fermion box amplitude [47] . With an i in the form factor the QCH diagram interferes differently with the box diagram compared to a form factor without an i . With an i the diagrams interfere destructively, as in the SM. Without an i , the two diagrams interfere constructively. The large deviations observed previously arose from missing the i in the form factor.
As a test of our implementation of MG we have compared the QCH in ZZ channel in MG and GGZZ 4 [49] program as shown in Fig. 11 and 13 . Up to the overall normalization the results agree, and we can see that the implementation of QCH in MG works correctly. 
gg → γγ
The di-photon process is another clean channel for studying Higgs and it has been studied in the off-shell region as well [50] . Due to fact that there is no new form factor for Hγγ interactions, the amplitude in this case probes the Higgs propagator, which in QCH models falls more slowly as 1/p 2ν . So the signal in this channel is characterized by an excess of events that grows with energy. Due to a complicated background analysis, we have only generated events using the QCH amplitude, as shown in Fig. 15 , and postpone a more sophisticated analysis to future work. It is interesting to note that there are in fact a small excess of events has already observed in the high-mass region [50] . However, even without any cuts, the cross section for the QCH with the parameter range we have explored is far too small to account for these events. A conclusive analysis can be done at a future hadron collider, where a very large number of events is predicted, as shown in Fig. 16 , in this channel. 
gg → HZ
Another interesting channel for testing QCH models is the production of a Higgs with a Z or a W boson [51] . This channel is the most sensitive production mode to study the decay of the Higgs boson to a pair of b quarks, which is the dominant decay of the SM Higgs. Since these searches are optimized for the SM Higgs, the Higgs is not off-shell and so we are not probing continuum Higgs production. With the Higgs and Z on-shell, this channel probes the HZZ form factor. Taking the Z off-shell we could also probe the continuum of longitudinal components of the gauge fields. We have assumed that the transverse components of gauge fields have a threshold far larger than the Higgs, but without this simplifying assumtion this channel would be sensitive to this continuum as well.
For HZ production the diagrams that contribute at leading order are drawn in Fig. 17 .
There is a considerable deviation from the SM at small thresholds and large scaling dimensions as seen in Fig.18 . Aside from slight decrease in the cross-section below the threshold, the main signature is a considerable increase in the cross-section where SM cross-section becomes negligible. Even for the smaller luminosities than 300 fb −1 , where the number of events in each bin might become small, especially after considering experimental cuts and efficiencies, the total number of observed event could be big enough for putting bounds on QCH. We will postpone a detailed comparison to experiment to future work. However, as seen in Fig. 19 and Fig. 20 , we can see that imposing cuts on the transverse momenta will have a little effect on this behavior. 
Conclusions
Although our approach is mainly phenomenological, we have presented two consistent 5D models for a QCH, in particular displaying their qualitatively similar features. We have further examined to what degree a QCH can reveal itself in current and the future experiments. In the gg → ZZ channel, the Higgs propagator and the HZZ form-factor conspire to cancel each other's large deviations unless the threshold is at a special scale. The gg → γγ channel seems to be promising for future colliders, however because of the complicated background we have not attempted a full analysis here. A promising channel for the LHC is gg → HZ, where large deviations can be found in distributions over the invariant HZ mass and the transverse momenta of the H and Z. Another channel that could be interesting to look at in the future is gg → W + W − , since both the Higgs and the Z boson thresholds can affect the observables in this channel.
where we have assumed that the mass term might be a function of a coordinate dependent VEV. There is a nice trick [20] for figuring out the spectrum in such models. We substitute h → e 3/2Ah in (3.18), and the result is a Schrödinger like equation
Depending on the background, there can be three scenarios:
• Discretuum. V (z) → ∞ as z → ∞. This is the case when there exists an IR brane, as in RS1 models [20] , or for certain soft-wall models in which the warp factor decays fast A(z) ∝ z α , α > 1. The singularity in the IR, a brane or a soft-wall, signals the breaking of the CFT in the IR. It is a hard breaking, the theory confines and we get the KK modes, the composites of the broken CFT. The mass splitting goes roughly as
, where z IR is the position of the brane or the soft-wall.
• Continuum without a mass gap. V (z) → 0 as z → ∞. This is the case with the AdS background, dual to an unbroken CFT, as in for example RS2 model [52] .
• Continuum with a mass gap. V (z) → µ 2 > 0 as z → ∞. The dual CFT is softly broken such that the continuum is untouched but starts at a finite threshold, µ. This behavior has been studies in a variety of scenarios [14, 35, 19, 53] 
B Backreaction Of Scalar Field In Minimal AdS/QCH Model
Here we examine the back reaction of the field φ on the metric by finding the solution to the Einstein equations in the presence of the scalar field such that in the UV the metric asymptotically behaves as (3.2), with A(z) = log z/R, and the scalar field as (4. The appearance of this singularity has the dual interpretation that there is a hard breaking of the symmetry; the corresponding KK modes are dual to composites of the CFT. Of course whether the singularity is actually a hard breaking or just a coordinate artifact depends on the boundary conditions. Assuming a hard breaking the spectrum is a tower of KK modes starting at µ with mass splitting given by ∆m KK ≈ π/z s . To mimic a continuum, one can adjust the AdS curvature radius, R, such that R 1/M 5 and ∆m KK ≤ Γ H , the Higgs width. This is similar to a Padé approximation of the continuum [54] .
It is to be expected that the spontaneous breaking of scale invariance also comes with a hard breaking, the renormalization flow generally leaves the vicinity of the fixed point at some point. The fact that there is no such singularity in the other two models analyzed above can be viewed as a tuning of parameters such that this singularity is at infinity. 
C QCH In MadGraph
In order to extend MadGraph, which calculates SM amplitudes to the nextto-leading order, to QCH models we need to change the propagators and add momentum dependent vertices. We do this by extending the loop sm model which exist in MG directory. We add the new propagators in a file propagator.py 6 . For example, the scalar field the propagator reads S = Propagator(name = "S", numerator = "(2-dim)/(cut**2-Mass(id)*Mass(id))**(dim-1)", denominator = "-pow(cut**2 -P('mu', id) * P('mu', id) -complex(0,1) * eps,2.0-dim)+pow(cut**2 -Mass(id) * Mass(id),2.0-dim) + complex(0,1) * Mass(id) * Width(id) *(2-dim)/(cut**2-Mass(id)*Mass(id))**(dim-1)" )
For convenience we defined new parameters cut (= µ) and dim (= ∆ = 2−ν) in the files parameters.py and restrict default.dat, so that we can easily change these from within MG. For example, after launching the program, these parameters will show up in the parameter card and can be changed by the command, e.g.
set dim 1.8
We then declare the new propagators for the particles in particle.py. As an example, for the Higgs we have In a similar fashion the form factors are defined in formfactor.py and passed through the vertices through the files lorentz.py and vertices.py.
Since the model loop sm does not accept propagator.py and formfactor.py by default, we need to change two more files. In init .py we add the lines all_propagators = propagators.all_propagators all_form_factors = form_factors.all_form_factors and in object library.py we add propagator as another argument to the particle class, and define Propagator and FormFactor classes.
